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The viability of coffee farming in East Africa is endangered by multiple factors including climate change, 28 
population pressure, low yields, and coffee price volatility. Sustainable intensification (SI) through 29 
intercropping and/or agroforestry has been suggested to improve farmers’ livelihoods, facilitate adaptation of 30 
coffee production to climate change and contribute to biodiversity conservation.  31 
In order to understand how sustainable intensification through an ecosystem-based approach might offer 32 
opportunities to respond to changes in temperature and rainfall, we analyzed a variety of existing coffee agro-33 
ecosystems that differ in vegetation structure, shade tree diversity, and socio-economic characteristics on Mt. 34 
Elgon, Uganda along an altitudinal gradient (1100 – 2100 m.a.s.l.). We (i) compared the performance of the 35 
agro-ecosystems regarding coffee yield and shade tree diversity, and (ii) analyzed determinants of adoption of 36 
each system. Three different coffee agro-ecosystems were identified: open canopy coffee system, coffee-banana 37 
intercropping, and coffee-tree systems, based on the vegetation structure of 144 coffee plots.  38 
The vegetation structure of the analyzed coffee systems varied along the altitudinal gradient. Banana density 39 
increased with increasing altitude, while shade tree density and diversity increased with decreasing altitude. 40 
Coffee yield also increased with increasing altitude, but this relationship varied with shade level. Coffee yields 41 
benefited from shade trees at low altitudes, while no yield differences among systems were observed at mid and 42 
high altitudes. Increasing water availability and reliance on on-farm food crops with increasing altitude were 43 
identified as the main determinants of the increasing intercropped banana densities. High temperatures and 44 
longer dry season in combination with reduced access to forest products at lower altitudes, appeared to be the 45 
main driver for increased adoption of coffee-tree systems. Furthermore, socio-economic status of farmers 46 
influenced the type of coffee system adopted; poor farmers preferred high intercropping (either with bananas 47 
and/or shade trees) to diversify income and reduce risks related to open systems, while wealthier farmers mainly 48 
owned open canopy coffee systems. 49 
Climate, farm and household size, and access to forests and markets, play a crucial role in determining what 50 
constellation of plot-level provisioning ecosystem services benefit farmers’ livelihoods on Mt. Elgon. Our 51 
findings reveal inherent trade-offs in socio-ecological conditions. Minimizing these is required for achieving 52 
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the multiple objectives of livelihood improvement, sustainable intensification of coffee production, and 53 
biodiversity conservation. 54 
Keywords: 55 
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 58 
1. Introduction 59 
Trees in tropical agricultural systems have gained increased interest due to their potential to mitigate climate 60 
change (IPCC 2000) and for their potential as climate change adaptation strategy (Beer et al. 1998; Lin 2010; 61 
Lasco et al. 2014). Additionally, there is an increased recognition that biodiversity in tropical rural landscapes 62 
can have high conservation value while sustaining rural livelihoods (Perfecto et al. 1996; Chazdon et al. 2009; 63 
Baudron & Giller 2014). The interest in trees within agricultural areas has been accompanied by a shift in scale 64 
of analysis from the plot to farm to landscape levels (Tittonell et al. 2005; Perfecto & Vandermeer 2010; Sayer 65 
et al. 2013). Yet recognition of the ecological values of trees has not necessarily been paralleled by landscape 66 
trajectories. Indeed, many formerly diverse coffee and cocoa agroforestry systems have been intensified by 67 
removing shade trees and reducing shade tree species richness in pursuit of higher yields and increased 68 
profitability (Garcia et al. 2010; Ruf 2011; Jha et al. 2014). In many tropical countries, this is further stimulated 69 
by increasing global demand for tropical crops such as coffee and cocoa (FAO, 2015). 70 
In Sub-Saharan Africa, the coffee yield gap is particularly large (Wang et al. 2015), and coffee production in 71 
this region has attracted the attention of various national and international agencies seeking to realize the 72 
potential for higher yields (e.g. MAAIF 2010, USAID 2011). Efforts invested in reducing the yield gap in a 73 
sustainable way are, however, challenged by climate change, which is altering the environmental conditions on 74 
which coffee depends (Jaramillo et al. 2011; Craparo et al. 2015; Ovalle et al. 2015). This is putting at risk the 75 
livelihoods of coffee farmers and is affecting ecosystem services due to land-use change (Bunn et al. 2015; 76 
Magrach & Ghazoul 2015).  77 
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In East Africa, where most of the continent’s Arabica coffee (Coffea arabica L.) is grown, the suitable climatic 78 
range for Arabica production is limited to highland areas, often on steep mountain slopes bordering remnant 79 
Afromontane rainforest with high biodiversity conservation and ecosystem service values. Climate change is 80 
expected to further shift coffee production to higher altitudes (Bunn et al. 2015; Magrach & Ghazoul 2015). 81 
Adaptation to climate change will be required to sustain coffee production, particularly at lower altitudes, given 82 
expected rising temperatures, changes in precipitation regimes, as well as more frequent extreme events (Vaast 83 
et al 2005). Adaptation strategies include new crop varieties, shifting the location of production, irrigation, and 84 
ecosystem-based approaches to improve system resilience (Schroth & Ruf 2014; Vignola et al. 2015; Perfecto 85 
& Vandermeer 2015). Adaptation strategies need to be context specific to take account of the environmental 86 
and socio-economic constraints of different coffee growing regions (Giller et al. 2011). 87 
Sustainable intensification (SI) entails increasing food production from existing farmland in ways that minimize 88 
environmental impacts and which do not undermine our capacity to continue producing food in the future 89 
(Garnett et al. 2013). SI also entails other aspects of the food system, such as reducing food waste. Campbell et 90 
al. (2014) argue that SI is a key component of climate change adaptation, which requires going beyond crop 91 
yield increase to include diversified farming systems, local adaptation planning, building responsive governance 92 
systems, enhancing leadership skill, and building asset diversity. 93 
While there are a multitude of SI pathways in the context of climate change adaptation, African smallholders 94 
are often unable to benefit from the potential yield gains offered by improved technology due to limited 95 
investment capacity. African smallholders are constrained by small farm sizes, lack of capital, insufficient inputs 96 
of nutrients and organic matter, and limited access to markets (Tittonel & Giller, 2013; Harris & Orr, 2014). In 97 
this context, an ecosystem-based adaptation approach is a promising strategy towards SI and climate change 98 
adaptation. 99 
To understand how an ecosystem-based approach might offer opportunities for coffee farmers to respond to the 100 
expected climate change challenges, we analyzed a variety of existing coffee agro-ecosystems that differ in 101 
vegetation structure and socio-economic characteristics along an altitudinal gradient. We compared the agro-102 
ecosystems in terms of (i) coffee yield, (ii) shade tree diversity, and (iii) determinants of adoption of each 103 
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system. We discuss trade-offs between coffee productivity and the different farm system components in the 104 
context of climate change adaptation and farmers livelihoods. 105 
 106 
 107 
2. Methods 108 
 109 
2.1 Study area  110 
The study was conducted in three neighboring districts (Bulambuli, Sironko and Kapchorwa) of Mt. Elgon, 111 
Uganda, an extinct volcano on the border between Uganda and Kenya of 4321 meters altitude (Fig. 1). The 112 
topography of the slope is characterized by two escarpments that naturally separate three altitude classes of < 113 
1400 m.a.s.l., 1400 – 1700 m.a.s.l., and > 1700 m.a.s.l. within the inhabited area of the mountain. Local farming 114 
communities live on the foothills (1000 m.a.s.l.) up to the protected Mt. Elgon National Park (2200 m.a.s.l.), 115 
and depend heavily on this forest for construction material, stems used as crop-support, and biomass for charcoal 116 





Fig. 1. a) Location of the study area within Uganda, Mt. Elgon area, b) Districts of study area (Bulambuli, 120 
Sironko, Kapchorwa), c) Study site with indication of three altitude ranges (determined by means of cluster 121 
analysis), sub-counties and sample plots. 122 
 123 
Soils of the study area are mainly Nitisols (FAO soil classification) with presence of phaeozems at low altitude 124 
(De Bauw et al. 2015). The climate is influenced by dry northeasterly and moist south-westerly winds, resulting 125 
in less rainfall on the north western slopes as compared to elsewhere on the mountain. A bimodal rainfall pattern 126 
prevails, with the wettest periods during March/April to October/November, a pronounced dry period from 127 
December to February, and a period of less intense rainfall around July to August (Fig. 2). The wet season is 128 
prolonged on higher altitudes compared to lowlands. Mean annual rainfall ranges from 1200 mm at low altitudes 129 
(1000 m.a.s.l.) to 1400 mm at mid altitudes (1500 m.a.s.l.) and 1800 mm at high altitudes (2000 m.a.s.l.). The 130 
mean annual temperatures are 23°C, 21°C and 18°C, respectively (Hijmans et al. 2005). 131 
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Figure 2: Climate diagrams of a) low (1100 - 1400 m.a.s.l.), b) mid (1400-1700 m.a.s.l.), and c) high altitude 132 
(1700-2100 m.a.s.l.) based on WorldClim database (Hijmans et al. 2005) 133 
 134 
2.2 Plot selection 135 
The selection of farmers followed a stratified random sampling approach. For each of the three altitude ranges 136 
and within the three selected districts, the existing sub-counties were listed in spread sheets with random 137 
numbers assigned to each sub-county. The first two sub-counties were selected within each altitude range, 138 
resulting in 6 sub-counties. The same procedure was repeated within each of the sub-counties to select parishes 139 
and finally farmers. A total of 300 coffee farmers (50 per sub-county) were invited for Participatory Rural 140 
Appraisals (PRA). These were organized in the six selected sub-counties and were conducted in April 2014 in 141 
order to introduce the project’s objectives and activities to the participating communities and to acquire insights 142 
on existing agro-ecosystems and farmer perceptions of limiting factors for coffee yield. Applied tools included 143 
rankings, seasonal calendars and focus group discussions (FAO 1999). For the classification of existing coffee 144 
agro-ecosystems, a subset of 150 farmers of the previous PRA list was selected following the sampling 145 
procedure described above (random selection stratified by altitude and sub-counties), but additionally taking 146 
into account farmer information on agro-ecosystems. This enabled us to come up with a more balanced 147 
representation of coffee systems along the altitudinal transect. One plot for each of the selected farmers was 148 
chosen to collect plot scale descriptors of vegetation structure relevant for deriving coffee agro-ecosystem 149 
typologies. Plots were selected according to a set of criteria: 1) a maximum of 1 km distance from the homestead, 150 
2) a minimum of 80 coffee bushes per plot and 3) the age of coffee trees must be above 4 years.  151 




2.3. Data collection 154 
During the months of April and May 2014, vegetation structure was measured on the 150 selected plots. The 155 
altitude and plot boundary coordinates were recorded using Garmin eTrex GPS. Plot size was calculated based 156 
on plot boundary coordinates in R Statistics (R Core Team, 2014) using the sp package (Pebesma & Bivand 157 
2005). The number of coffee trees, banana mats and stems, and shade trees were counted on the entire plot and 158 
densities (in number per ha) were calculated. Shade tree species were identified and the number of species per 159 
plot recorded. The canopy closure as an indicator for average plot-level shade was estimated using a Forestry 160 
Suppliers spherical crown densiometer (convex model A) according to Lemmon (1957) at four positions within 161 
the plot.  162 
Coffee yields were obtained through farmer recall per plot of the various harvests of the year and provided as 163 
coffee cherries or parchment, which was then converted into green been. The cumulative annual production was 164 
divided by the plot size and number of coffee trees to obtain green bean yield per hectare and green bean yield 165 
per coffee tree, respectively. The recall data was obtained using triangulation questions by an experienced local 166 
team, which proved to be successful in previous studies (van Asten et al. 2011a; Wang et al. 2015). This allows 167 
a wide coverage of yield data. Data on age of the coffee trees, coffee management, and livelihood characteristics 168 
were obtained through structured farmer interviews during farm visits. Outliers were identified using box-plots 169 
and dotcharts. Coffee management indices (fertilizer index, pest and disease control index, weeding index, 170 
overall management index) were made by summing the standardized values of the amount of applied fertilizers, 171 
insecticides, fungicides, herbicides, and the frequency of mechanical weeding. Data from six farmers had to be 172 
rejected because of unreliable or missing data on either plot size or vegetation structure, resulting in 144 farmers 173 
(44-45 per altitude range). 174 
 175 
2.4 Data analysis 176 
2.4.1 Typology of coffee agro-ecosystems 177 
Data analysis was done using R statistics (R Core Team, 2014). The typology of coffee agro-ecosystems was 178 
based on variables related to vegetation structure using the remaining sample of 144 coffee plots. Variables 179 
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were shade tree and banana densities per unit area, shade tree species diversity, and canopy closure. K-means 180 
clustering was performed with standardized data to minimize the effect of scale differences. The variables were 181 
compared between the resulting coffee systems using the one-way ANOVA with Tukey’s post hoc test.  182 
 183 
2.4.2 Coffee yield 184 
Generalized linear regression models were used to determine the effect of vegetation structure, altitude, 185 
management variables (fertilizer use, pest and disease control, and weeding) and Arabica variety on coffee yield. 186 
Coffee varieties could only be determined for 96 of the selected plots. Therefore the regression analysis on 187 
yield, was performed using only these 96 plots. We used a generalized linear model (GLM) based on a Gamma 188 
distribution and log link. The Gamma distribution accounts for the strictly positive data of coffee yield and 189 
allowed to meet all assumptions of normality of residuals and homogeneity. Most farmers (i.e. 61) used the 190 
traditional Bugisu variety, which is also known as Nyasa or Typica (Willson 1985). Several other varieties (i.e. 191 
SL14, Catimor, Ruiru11, SL28) were less prevalent (35) and had to be aggregated into a class termed “non-192 
Bugisu” varieties. These two classes (i.e. Bugisu and non-Bugisu) of Arabica coffee varieties were equally 193 
distributed along the altitude transect and shade levels. Collinearity among independent variables was identified 194 
by means of the variance inflation factor (car R package). Stepwise elimination was done in a two way 195 
procedure; first by eliminating independent variables with variance inflation factors higher than three, followed 196 
by identifying model with lowest Akaike Information Criterion.  197 
 198 
2.4.3 Shade tree species diversity 199 
Comparison of tree species diversity between coffee systems was done by using species accumulation curves, 200 
and Shannon and inverse-Simpson diversity indices. Rènyi diversity profiles were plotted to examine if farm 201 
categories and altitude ranges could be ranked from low to high diversity. Species accumulation curves were 202 
calculated with the BiodiversityR package (Kindt & Coe, 2005). Native tree species were defined based on the 203 
potential natural vegetation types of the study area (van Breugel et al. 2014). The potential natural vegetation 204 
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of the study area is Afromontane rain forest in the high altitude area and dry and moist Combretum wooded 205 
grassland subtype at low and mid altitude areas. 206 
 207 
2.4.4 Determinants of adoption of different coffee agro-ecosystems 208 
The determinants of intercropping bananas and shade trees were estimated using zero-altered negative binomial 209 
models (ZANB) to cope with an overabundance of zeros (Zuur et al. 2009). This approach allows to first 210 
differentiate factors influencing whether banana or shade trees are part of the system (presence/absence) by 211 
using binomial GLM and then identify factors that influence the density of banana and shade trees by using 212 
zero-truncated negative binomial GLM. Analysis was done with the “pscl” R package (Zeileis et al. 2008). 213 
Additionally, we used multinomial logistic regression with nnet R package (Venables & Ripley 2002) to identify 214 
determinants of adoption of the coffee systems as identified by the cluster analysis described in section 2.4.1. 215 
We tested possible explanatory variables that might influence decision making (Ojiem et al. 2006), classified 216 
as socio-economic, social network, consequences and expectations, and contextual factors (table 1).  217 
 218 
Table 1: Candidate predictors as likely determinants for adoption 219 
Adoption factors Variable Description 
Socio-economic Gender Value 1 if gender of household head is male 
Age Age of household head (years) 
Education Highest education level of household head 
Wealth Number of Tropical Livestock Units (TLU) 
Coffee importance  Total number of plots 
 Number of coffee plots 
 Number of coffee plots of total number of plots 
family size and age Number of family member above 16 years divided by total 
number of family members 
   
Social network Member of cooperative Yes or no 
Extension service How often the farmer has been visited by extension service 
Certification Yes or no 
Access to borrow money Yes or no 





Positive effects of 
intercropping 
Coffee quality, soil fertility, weeds, wind break, P&D control, 
timber, humidity, food, fodder, erosion control 
 e.g.: Soil fertility is higher in intercropping systems = 1 
Negative effects of 
intercropping 
Reduced productivity, host for P&D, increased workload, 
physical damage, more external inputs required, takes too long 
to grow, competition for nutrients 
 e.g.: Nutrient competition is a problem in intercropping = 1 
   
Contextual factors Altitude Low, mid, high 
Slope Flat (<10%), steep (>=10%) 
Aspect N,E,S,W 
Plot-history  Land-use before converted to coffee plot 
 Year converted to coffee plot 
 Dist. Between 
homestead and plot 
Distance in meters 
11 
 
3. Results 220 
 221 
3.1 Coffee agro-ecosystem classification of Mt. Elgon, Uganda 222 
Three distinct coffee agro-ecosystems were identified by K-means clustering, namely a sparsely shaded open 223 
canopy coffee system (CO), a coffee system with high banana densities (CB), and a highly tree shaded coffee 224 
system (CT) (Table 2). Vegetation structure of the coffee systems also showed a clear relationship with altitude. 225 
Banana density was significantly higher at mid and high altitudes compared to low altitudes (one-way ANOVA 226 
with Tukey post-hoc test, p<0.05), while shade tree density, shade tree species richness and canopy cover were 227 
significantly higher at low altitude compared to mid and high altitudes (one-way ANOVA with Tukey post-hoc 228 
test, p<0.05). Due to these spatial differences in banana and shade tree densities, a significant association 229 
between the coffee agro-ecosystem typologies and the altitude ranges was found (X2, p < 0.001). Most plots 230 
assigned to the CT system were found to be situated at lower altitudes between 1000 – 1400 m.a.s.l., while more 231 
CB and CO systems were present at mid to high altitudes between 1400 – 2200 m.a.s.l. Only few CB systems 232 
were found at low altitude. 233 
 234 
Table 2: Vegetation structure of coffee production systems with means and standard errors 235 
 Coffee open canopy Coffee-banana Coffee-tree 
 n = 54 n = 44 n = 46 
Coffee density (plants ha-1) 2255a ± 125 2094a ± 127 2095a ± 112 
Banana density (mats ha-1) 29a ± 17 1496b ± 105 278c ± 82 
Shade tree density (trees ha-1) 63a ± 6 49a ± 6 146b ± 16 
Shade tree species richness 2.8a ± 0.2 2.7a ± 0.2 6b ± 0.4 












 Low altitude Mid altitude High altitude 
 n = 57 n = 40 n = 47 
Coffee density (plants ha-1) 2115a ± 113 2285a ± 128 2093a ± 127 
Banana density (mats ha-1) 283a ± 71 687b ± 145 778b ± 131 
Shade tree density (trees ha-1) 115a ± 13 78b ± 11 53b ± 6.6 
Shade tree species richness 5.2a ± 0.4 3.0b ± 0.3 2.8b ± 0.2 
Shade (%) 41a ± 2.3 28b ± 1.7 24b ± 1.8 
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3.2 Coffee yield 247 
A three way interaction between altitude, shade level and genotype best explained the variability of the coffee 248 
yield data (Table 3). Yield was significantly affected by genotype and planting density (p<0.01), as well as 249 
altitude, and fertilizer use intensity (p<0.05). A significant (p<0.01) interaction between the coffee variety 250 
categories and shade was found. On the contrary, the interaction between altitude and shade level was only 251 
significant (p<0.05) when accounting for the variable responses among genotypes. Banana and/or shade tree 252 
density did not affect coffee yield and were excluded from the model. Pest and disease control and weeding did 253 
not affect coffee yield either and were also excluded from the model. 254 
 255 
Table 3: Effects of altitude, fertilizer index, planting density, shade level and genotype on coffee yield based on 256 
gamma distributed GLM with log link.  257 
 Estimate Std. error t value 
Intercept 2.1 1.3 1.6 
Altitude [m.a.s.l.] 0.0023 * 0.0009 2.5 
Fertilizer index [-] 0.6 * 0.025 2.6 
Coffee density [bushes ha-1] 0.00027 ** 0.00009 3.1 
Shade [%] 0.06 . 0.003 1.8 
Other genotypes 5.0 ** 1.8 2.8 
Altitude : Other genotypes -0.003* 0.0012 -2.3 
Altitude : Shade -0.00003 0.00002 -1.5 
Others genotypes : Shade -0.1 ** 0.04 -2.7 
Altitude : Other genotypes : Shade 0.0007* 0.00003 2.2 
    
Null deviance is 51.6 on 90 degrees of freedom 
The residual deviance is 33.7 on 77 degrees of freedom 
Significance: . 10%, *5% **1% 258 
 259 
Figure 3 shows the predicted relationships between yield and each of the independent variables based on the 260 
fitted Gamma GLM. Yield values of both analyzed coffee variety categories increase with altitude, whereby the 261 
traditional Bugisu variety has on average lower yields than the non-Bugisu varieties (Figure 3a). Yield increases 262 
with altitude, irrespective of fertilizer use intensity, but the yield response to fertilizer use intensity slightly 263 
increases with altitude (Figure 3b). The response seems to be very similar for both coffee variety categories 264 
(Figure 3e). The increase in yield with increasing altitude differs among the shade levels of the three coffee 265 
agro-ecosystems. Shade cover as found in the CT systems, appears to be more beneficial at low altitudes, while 266 
low shade cover as found in CO and CB systems appears to be more beneficial at high altitudes (Figure 3 c). 267 
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The shade response is genotype specific, with the traditional Bugisu variety responding positively to shade, yet 268 
the non-Bugisu category shows highest mean yield values with low shade cover (Figure 3d). All coffee varieties 269 
have a similar positive response to increased planting density (Figure 3f). 270 
 271 
 272 
Figure 3: Predicted relationship between yield and each of the independent variables based on the fitted Gamma 273 
GLM. Average values were used for variables not displayed in the plots. Line types refer to mean predicted 274 
yield and grey areas refer to the standard error.  A) Relationship between yield and altitude of different coffee 275 
cultivars. B) Relationship between yield and altitude for different intensities of fertilizer application for Bugisu 276 
variety. C) Differences between yield response to altitude of the coffee systems’ shade levels (CO = coffee open 277 
canopy, CB = coffee banana, CT = coffee tree) for Bugisu variety. D) Yield responses of genotypes to shade. 278 
E) Yield responses of genotypes to fertilizer use intensity. F) Yield responses of genotypes to planting density. 279 
 280 
 281 
3.3 Tree species richness 282 
The total tree species richness found on the coffee plots was 37 with 69% of the tree species being indigenous 283 
to the area. The indigenous Cordia africana and Ficus spp. (mainly F. natalensis and F. sur) accounted for 50% 284 
of tree abundance (Table S1). Taking into account the difference in sampled area by using tree species 285 
accumulation curves, tree species richness was significantly higher in CT systems compared to the other systems 286 
(Fig. S2). No significant difference was found between CO and CB. In the sparsely shaded CO coffee systems, 287 
66% of the 23 tree species were indigenous. In CB systems, 69.5% of the 22 tree species were indigenous, while 288 
in the CT systems, 70% of the 29 tree species were indigenous. Cordia africana was the dominant tree species 289 
in CO and CB systems with 35% and 24% average occurrence, respectively, while the Ficus spp. were the 290 
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dominant shade trees in CT systems. The Rény diversity profiles (Fig. S3) indicated highest diversity in CT 291 
systems followed by CB and CO systems. Plots at low altitudes had highest tree species diversity but no 292 
difference was found between plots at mid and high altitudes, since their diversity profiles intersect. Species 293 
were not evenly distributed in any of the coffee systems nor at any of the altitude ranges. The Shannon and the 294 
inverse Simpson indices (Table 4) of tree species diversity reveal that highest diversity was found at low altitude, 295 
corresponding to the prevalence of CT systems. At high altitude, diversity was highest in CB systems. 296 
 297 
Table 4: Total plot area, tree richness, abundance and diversity indices compared between the different coffee 298 
















   Jack1 Boot    
CO 7.8 23 29 26 365 (47) 2.13 5.05 
CB 5.3 22 31 26 221 (42) 2.18 5.82 
CT 7.6 29 34 32 751 (99) 2.48 7.53 
        
Low 8.8 31 37 34 814 (93) 2.46 7.11 
Mid 5.4 22 30 26 239 (44) 2.16 5.57 
High 6.5 18 25 21 284 (44) 2.05 5.38 
        
All 20.7 37 43 40 1337 (65) 2.45 6.98 
 300 
 Low altitude  Mid altitude  High altitude  
 CO CB CT p CO CB CT p CO CB CT p 
 
Tree density (trees ha-1) 86 72 146 
* 
65 55 264 
*** 
48 46 122 
**
* 
Tree species richness 20 11 27 *** 11 12 15 * 11 13 9  
Inverse Simpson 4.9 4.7 6.9 *** 4.3 4.7 6.6 *** 4.6 5.8 4.7 * 
Significance: *10%, **5% ***1% 301 
 302 
3.4 Determinants of coffee agro-ecosystem adoption 303 
Spearman’s correlation matrix (Table S2) indicated that the size of the sampled coffee plots was positively 304 
correlated (p<0.01) with tropical livestock unit per farm (r=0.42), the number of plots owned by the farmer 305 
(r=0.43), the fraction of hired labor (r=0.22), and (p<0.05) the distance of the plot from the home (r=0.2). The 306 
number of plots owned by a farmer was positively (p<0.01) correlated with the number of household members 307 
(r=0.23), and (p<0.05) tropical livestock units (r=0.19). Altitude was positively (p<0.01) correlated with plot 308 
age (r=0.27) and the fraction of hired labor (r=0.22). The frequency a farmer met with extension service was 309 
positively (p<0.01) correlated with access to credit (r=0.25). 310 
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The ZANB models (Table S3) indicated that the presence of bananas in a coffee plot was positively related to 311 
altitude (1.8, p<0.001) and plot age (0.9, p=0.05), with a negative interaction among these two variables (-0.1, 312 
p=0.047) (Table S3). This means that the higher the altitude, the lower is the effect of ‘plot age’ on the odds of 313 
a farmer intercropping coffee with banana. Furthermore, the planting density of bananas was negatively related 314 
to the number of coffee plots the farmers owned (-0.05, p=0.023) and the plot size (-0.76, p<0.001). The 315 
presence of shade trees (Table S3) was negatively related with the frequency at which a farmer exchanged with 316 
an extension officer (-0.5, p=0.037). On the other hand, the shade tree density was negatively related to altitude 317 
(-0.26, p<0.001), plot size (-4.6, p<0.001) and whether the farmer had access to borrow money (-0.3, p=0.01). 318 
Finally, Table 5 shows the results of the multinomial logistic regression, which indicates that altitude and 319 
number of coffee plots had significant effects on coffee system adoption. The fewer the number of coffee plots 320 
a farmer had, the higher the odds the farmer intercropped coffee with bananas and/or shade trees. Again, the 321 
odds a farmer had a CB system increased with altitude, while the odds a farmer had a CT system decreased with 322 
altitude.  323 
 324 
Table 5: Estimates for adoption of coffee system type by multinomial logistic regression 325 
 Variables β Std. error z-value Prob > z 
Coffee-bananaa Intercept -1.103 0.002 -693.6 0.000 
 Altitude [m.a.s.l.] 0.001 0.0002 4.4 1.25e-05 
 No. of coffee plots -0.164 0.08 -2.0 0.044 
      
Coffee-treea Intercept 4.833 0.002 2418 0.000 
 Altitude [m.a.s.l.] -0.003 0.0002 -12.5 0.000 
 No. of coffee plots -0.159 0.08 -2.1 0.038 
      
Coffee-treeb Intercept 5.935 0.003 2010.5 0.000 
 Altitude [m.a.s.l.] -0.004 0.0003 -15.1 0.000 
 No of coffee plots 0.005 0.097 0.1 0.958 
      
Significance: *10%, **5% ***1% 326 
a The reference category is coffee open sun 327 




4. Discussion 330 
Many of the studied variables co-varied with altitude. It is important to note, that altitude is not only a proxy for 331 
climate, but also relates to the distance to urban markets and forests. Furthermore, population density might 332 
change along the altitudinal gradient, but we lack the data to quantify this. It is difficult, therefore, to clearly 333 
identify causality and many of these variables partially influence the observed spatial pattern of the farming 334 
systems. We structured the discussion as follows: We first discuss climate induced constraints driving 335 
vegetation structure and then focus on the socio-economic constraints. We proceed with the implications for 336 
tree species diversity conservation and recommendations on sustainable intensification of coffee production. 337 
 338 
4.1 Climate induced constraints driving vegetation structure 339 
The presented data provide convincing indications of ecosystem-based adaptation to altitude-induced 340 
differences in mean temperature and precipitation. At low altitudes, where higher temperatures and increased 341 
drought stress prevail, we found increased shade levels of a diversity of tree species. On the other hand, 342 
intercropping bananas at high densities (CB systems) under these conditions was much less prevalent, which 343 
might be influenced by water constraints induced by warmer temperature and higher evapotranspiration 344 
potential but lower annual rainfall regime.  By contrast, the increased intercropped banana densities found at 345 
higher altitudes might be a response to the higher annual rainfall regime. This indicates that intercropped banana 346 
densities have to be adjusted to water availability to reduce possible water competition (van Asten et al. 347 
2011a/b).  We did not find any indications that the adoption of CO systems were related to environmental 348 
conditions, on the contrary, socio-economic factors appeared more important (see section 4.2). 349 
When accounting for differences in management intensity and planting density with the Gamma GLM, we 350 
found that 50% shade as provided on average by CT systems, benefits coffee yield at low altitude, particularly 351 
in the case of the traditional Bugisu variety. This confirms previous findings that shade benefits coffee 352 
production under suboptimal conditions (e.g. Beer et al. 1998; Vaast et al. 2008). When not accounting for 353 
altitude, we found no significant differences in coffee yield among the coffee systems, which is in agreement 354 
with previous studies conducted in the area (van Asten et al. 2011a; van Rikxoort et al. 2013). Coffee yield 355 
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tended to increase with altitude, while this relationship is likely stronger or weaker depending on a dry or wet 356 
year, respectively. 357 
The GLM also indicated different responses among genotypes, with the traditional Bugisu coffee variety 358 
benefitting from increasing shade, while the pool of “non-Bugisu” varieties appeared to yield higher on average 359 
under low shade. Because the “non-Bugisu” varieties are a mixture of coffee cultivars, pooled together due to 360 
low individual sample sizes, the found relationships cannot be attributed to any particular cultivar. The Bugisu 361 
variety is the first Arabica variety that has been introduced into Mt. Elgon around 1912 (Willson 1985; Sassen  362 
et al. 2013), while all other varieties stem from intentional selection on research stations aiming at increased 363 
productivity and/or pest and disease resistance. It is well known that the traditional coffee varieties of Typica 364 
descent (i.e. Bugisu) respond well to shade, mainly due to a less dense canopy architecture which is more 365 
exposed to atmospheric temperature and humidity (Tausend et al. 2000). Some of the more modern non-Bugisu 366 
varieties (i.e. Catimor, Ruiru 11), however, are dwarf shaped and have more dense canopy with high self-367 
shading, thereby they often grow well with less shade (Montagnon et al. 2012). 368 
While pest and disease control and weeding did not affect coffee yield, fertilizer use intensity generally 369 
increased coffee yield. Liebig et al. (2016) illustrated the complex dynamics of pests and diseases and their 370 
relationship with environmental conditions and therefore altitude and vegetation structure in our study area. 371 
They showed that pest and disease control is often inadequately practiced, often by using the wrong agro-372 
chemicals or not applying any control at all. It is likely, therefore, that this explains why our analysis did not 373 
find pest and disease control to affect yield. The relatively low relationship between fertilizer use intensity and 374 
yield, may likewise be due to generally low and/or inadequate application. Furthermore, it has been reported 375 
that fake agro-chemicals are often sold on the market (Liebig et al. 2016), acerbating this problem greatly. 376 
Clearly, adequate plant management is crucial for sustainable intensification and climate change adaptation, as 377 
healthier plants can better withstand abiotic and biotic stresses (Bertrand et al. 2016). The generally low 378 
management intensity could also be due to higher priority setting for other crops, mainly food crops, or activities 379 





4.2 Socio-economic constraints driving vegetation structure 383 
Next to biophysical factors, socio-economic aspects additionally determine which coffee systems are preferred 384 
by farmers. Livelihood constraints, such as issues around food security and diversification needs (farm size, 385 
household size, access to markets and forests, etc.), production constraints (coffee management knowledge, 386 
labor, access to inputs, credit, etc.) and objectives (e.g. importance of coffee as livelihood strategy) influence 387 
farmers’ choices related to coffee plot vegetation management (Oduol & Aluma 1990).  388 
Our data indicated that altitude, plot age, and whether bananas were planted on other plots of the farm influenced 389 
farmer’s decision to intercrop bananas within the coffee systems. There was a tendency of increased banana 390 
planting density when farmers had fewer numbers of coffee plots and smaller plot sizes. Most farmers had at 391 
least one shade tree within their plot, yet the few ones that had none, had met more frequently with extension 392 
agents. Shade tree density appeared to be related with smaller plot size and lack of access to credit. Therefore, 393 
it seems that mono-crop coffee systems with little to no intercropping of bananas or shade trees are only possible 394 
when farm size exceeds household food needs resulting in a ‘land surplus’ rather than a ‘land gap’ (Hengsdijk 395 
et al. 2014). This implies that self-sufficiency and altitude are the primary drivers in decision making regarding 396 
coffee plot vegetation structure. This is corroborated by the findings of Sassen et al. (2015), who found that the 397 
most populated areas on Mt. Elgon were also the ones with highest tree densities. 398 
 399 
4.3 Implications for tree species diversity conservation 400 
Tree diversity and abundance on coffee plots decreased with increasing altitude and socio-economic status of 401 
farmers, while the total area cultivated with coffee increased with altitude. At mid to high altitudes, higher yields 402 
were generally found on plots with lower shade cover and species richness. This suggests that increased tree 403 
species conservation through SI may be a challenge in these areas (Garcia et al. 2010; Boreux et al. 2013; Carsan 404 
et al. 2013). This could change as shade likely becomes more important at higher altitudes due to climate change 405 
(Bunn et al. 2015). Incentives for promoting tree diversity and abundance within the agricultural area of Mt. 406 
Elgon need to account for the socio-economic heterogeneity of farmers’ livelihoods (Giller et al. 2011; Vignola 407 
et al. 2015). Based on the historically contested relationship between the Mt. Elgon National Park and the rural 408 
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communities living at its border (Cavanagh & Benjaminsen 2014), we see strong necessity and potential for 409 
collaboration. Instead of only focusing on protecting the remnant forest, measures could conserve biodiversity 410 
within the agricultural area where synergies with coffee production and farmers’ livelihoods are met (Baudron 411 
& Giller 2014). This could also include other ecosystem services provided by trees, such as their potential 412 
contribution to landslide prevention (Vaast et al, 2004; Kobayashi & Mori 2017). Intensive rainfall has already 413 
resulted in numerous landslides on the mountain slopes and floods on the foothills resulting in hundreds of 414 
deaths (Knapen et al. 2006; Claessens et al. 2007; Mugagga et al. 2012). Ideally, initiatives to strengthen 415 
ecosystems services should be integrated with work already conducted by local coffee certification bodies and 416 
actors focusing on biodiversity conservation and climate change adaptation. 417 
 418 
4.4 Sustainable intensification of coffee production in the face of climate change 419 
This study indicates that under current management and yield levels, most farmers practicing CO systems could 420 
benefit from intercropping more bananas and/or shade trees due to the non-significant differences in coffee yield 421 
while gaining additional benefits of fruits, firewood, timber, and mulch provided by bananas and shade trees. 422 
This is in agreement with an earlier study where coffee-banana intercropping has been identified as more 423 
profitable compared to mono-cropping of either coffee or banana on Mt. Elgon (van Asten et al. 2011a). Yet we 424 
have no data on financial profitability to confirm whether this also holds true for coffee-tree systems. But, 425 
financial profitability and cost-efficiency has been found to often be higher in shaded systems (Jezeer et al. 426 
2017). Additional knowledge is required on what tree species and densities would enable this to happen, by 427 
considering farmers’ preferences (van der Wolf et al. 2016) and the benefits of these tree species for coffee and 428 
other ecosystem services (Vaast et al. 2015; Cerda et al. 2016). CO systems could potentially outperform CB 429 
and CT systems at least in terms of coffee yield, if planting densities were increased using modern dwarf 430 
varieties, substantially higher nutrient inputs were applied and if pest and disease control were improved. But 431 
this could also lead to negative environmental externalities, increased exposure to risks and would not 432 
necessarily lead to higher profitability (Beer et al. 1998). The CO systems in this study area tended to be owned 433 
by wealthier families (more farmland, smaller household size), yet their management was still suboptimal with 434 
yields far below the intensified systems in Latin America (> 3 t ha-1). In the East African context, high input 435 
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systems in smallholder contexts are rare (Tittonell & Giller 2013). This suggests that unshaded systems are less 436 
appropriate for the majority of East African smallholder farmers if not accompanied by adequate management 437 
supported by access to credit, knowledge and external inputs. It remains to be shown whether the environmental 438 
conditions of Mt. Elgon allow for non-shaded systems to outperform shaded systems’ yield and achieve higher 439 
profitability. 440 
This study shows the inherent difficulty in applying SI, as what is interpreted as beneficial for one stakeholder 441 
(e.g. farmer) might not always hold true for another (e.g. coffee sector, biodiversity conservation). 442 
Understanding the relationships and trade-offs between coffee yield increase, farmers’ livelihoods, and 443 
biodiversity conservation is therefore crucial for effective implementation of SI. Furthermore, different 444 
pathways that lead to yield increases have different impacts on biodiversity and related ecosystem services 445 
(Tscharntke et al. 2012). Learning from past successes and failures of intensification pathways from other 446 
regions (e.g. Garcia et al. 2010; Boreux et al. 2013; Vignola et al. 2015) with consideration of their costs related 447 
to farmers’ livelihoods and ecosystem services can contribute to improved SI models. To achieve SI, best-fit 448 
management practices have to be tailored according to the socio-economic aspects of the farming system and 449 
their environmental context (table 6; Ojiem et al. 2006; Giller et al. 2011; Tittonell et al. 2011; Coe et al. 2014; 450 
Lescourret et al. 2015). 451 
 452 
Table 6 : Management recommandations based on socio-ecological context 453 
Agro-ecological context: Climate x soil x landscape 
 aec1, aec2, aec3, aeci, … 
Socio-economic context: Farm size, age of farmer, gender, household size, wealth, objectives, etc. 
 sec1, sec2, sec3, seci, … 







This study investigated the potential for ecosystem-based adaptation to climate change along the slopes of Mt. 458 
Elgon, Uganda as a means toward sustainable intensification. Our results suggest that smallholder coffee 459 
systems benefit from intercropping, but that the choice of intercrop type is highly dependent on the socio-460 
ecological conditions. While the attained yield increases with altitude, the benefit of shade decreases with 461 
altitude. Traditional coffee varieties respond more positively to shade compared to more modern varieties. 462 
Climate influenced farmers’ choice of coffee management system. While high rainfall amounts at high altitude 463 
allow for intercropping high banana densities, the higher shade tree densities and diversity at low altitudes are 464 
a likely response to the warmer temperature and higher drought stress. Climatic factors, socio-economic 465 
conditions and landscape setting, such as access to forest and markets, drive the relative benefits of different 466 
intercrops. 467 
Tree species conservation within coffee plots was highest further away from the protected forest, where land-468 
use is dominated by annual crops and tree cover outside the coffee plots is generally lowest. Management of 469 
vegetation structure tailored to the heterogeneous socio-ecological contexts demands appropriate tools which 470 
will be crucial for meeting the multiple objectives placed on coffee landscapes. This study contributes to 471 
conceptualizing the requirements of such tools. There is significant scope for sustainable intensification of 472 
coffee on Mt. Elgon, requiring improved stakeholder engagement, access to knowledge and inputs, and 473 
improved insights into the synergies and trade-offs between stakeholder objectives and ecosystem services will 474 
be key. Translating the findings of studies such as these into practical guidelines for private and public actors 475 
will be required to achieve the multiple objectives of improving livelihoods, enhancing coffee export, and 476 
increasing ecosystems resilience. 477 
 478 
Acknowledgements 479 
This research was funded by the Federal Ministry for Economic Cooperation and Development (BMZ) the 480 
Professorship of Ecosystem Management, ETH Zurich and the Research Program on Forest, Trees and 481 
Agriculture (FTA). It was implemented as part of the CGIAR Research Program on Climate Change, 482 
22 
 
Agriculture and Food Security (CCAFS), which is carried out with support from CGIAR Fund Donors and 483 
through bilateral funding agreements. For details please visit https://ccafs.cgiar.org/donors. The views 484 
expressed in this document cannot be taken to reflect the official opinions of these organizations. We would 485 
like to thank David Mukasa, Wilberforce Wodada, Beatriz Rodriguez, and Judith Asiimwe, for their support in 486 
the field. This work would have been impossible without the cooperation of the Mt. Elgon coffee farmers and 487 
the sub-county officials.  488 
 489 




Baudron F. & Giller K. (2014) Agriculture and nature: Trouble and strife? Biological Conservation 170:232-492 
245. 493 
Beer J., Muschler R., Kass D & Somarriba E. (1998) Shade management in coffee and cacao plantations. 494 
Agroforestry Systems 38:139-164. 495 
Bertrand B., Marraccini P., Villain L., Breitler J.C. & Etienne H. (2016) Healthy tropical plants to mitigate the 496 
impact of climate change – as exemplified in coffee. In: Torquebiau E. (ed.) Climate Change and Agriculture 497 
Worldwide. Springer Netherlands, chapter 7, pp. 83-95. 498 
Boreux V., Kushalappa C., Vaast P. & Ghazoul J. (2013) Interactive effects among ecosystem services and 499 
management practices on crop production: Pollination in coffee agroforestry systems. PNAS 110(21):8387-500 
8392. 501 
Bunn C., Läderach P., Ovalle O. & Kirschke D. (2015) A bitter cup: climate change profile of global production 502 
of Arabica and Robusta coffee. Climate Change 129:89-101. 503 
Campbell B., Thornton P., Zougmoré R., van Asten P. & Lipper L. (2014) Sustainable intensification: What is 504 
its role in climate smart agriculture. Current Opinion in Environmental Sustainability 8:39-43. 505 
Carsan S., Stroebel A., Dawson I., Kindt R., Swanepoel F. & Jamnadas R. (2013) Implications of shifts in coffee 506 
production on tree species richness, composition and structure on small farms around Mount Kenya. 507 
Biodiversity Conservation 22:2919-2936. 508 
Cavanagh C. & Benjaminsen T. (2014) Virtual nature, violent accumulation: The ‘spectacular failure’ of carbon 509 
offsetting at a Ugandan National Park. Geoforum 56:55-65. 510 
Cerda R., Allinne C., Gary C., Tixier P., Harvey C., Krolczyk L., Mathiot C., Clément E., Aubertot J.-N. & 511 
Avelino J. (2017) Effects of shade, altitude and management on multiple ecosystem services in coffee 512 
agroecosystems. European Journal of Agronomy 82:308-319. 513 
24 
 
Chazdon R. et al. (2009) Beyond reserves: a research agenda for conserving biodiversity in human-modified 514 
tropical landscapes. Biotropica 41:142-153. 515 
Claessens L., Knapen A., Kitutu M., Poesen J., Deckers J. (2007) Modelling landslide hazard, soil redistribution 516 
and sediment yield of landslides on the Ugandan footslopes of Mount Elgon. Geomorphology 90:23-35. 517 
Coe R., Sinclair F. & Barrios E. (2014) Scaling up agroforestry requires research ‘in’ rather than ‘for’ 518 
development. Current Opinion in Environmental Sustainability 6:73-77. 519 
Craparo A., Van Asten P., Läderach P., Jassogne L. & Grab S. (2015) Coffea arabica yields decline in Tanzania 520 
due to climate change: Global implications. Agricultural and Forest Meteorology 207:1-10. 521 
De Bauw P. (2015) Multivariate assessment of soil fertility parameters on the slopes of Mt. Elgon (Uganda). 522 
Msc thesis at Katholieke Universiteit Leuven, bio-ingenieurswetenschappen, landbouwkunde. 523 
FAO (1999) Conducting a PRA (Participatory Rural Appraisal) training and modifying PRA tools to your needs: 524 
an example from a participatory household food security and nutrition project in Ethiopia. 525 
http://www.fao.org/docrep/003/x5996e/x5996e06.thm. 526 
FAO (2015) FAO statistical coffee pocketbook. URL: http://www.fao.org/economic/ess/ess-publications/ess-527 
yearbook/en/. Accessed 13.01.2016 528 
Garcia C., Bhagwat S., Ghazoul J., Nath C., Nanaya K., Kushalappa C., Raghuramulu Y., Nasi R. & Vaast P. 529 
(2010) Biodiversity conservation in agricultural landscapes: Challenges and opportunities of coffee 530 
agroforests in the Wester Ghats, India. Conservation Biology 24(2):479-488. 531 
Garnett T., Appleby M., Balmford A. et al. (2013) Sustainable intensification in agriculture: premises and 532 
policies. Science 341: 33-34. 533 
Giller K., Tittonell P., Rufino M. et al. (2011) Communicating complexity: Integrated assessment of trade-offs 534 
concerning soil fertility management within African farming systems to support innovation and 535 
development. Agricultural Systems 104:191-203. 536 
25 
 
Harris D. & Orr A. (2014) Is rainfed agriculture really a pathway from poverty? Agricultural Systems 123:84-537 
96.  538 
Hengsdijk H., Franke A., Van Wijk M. & Giller K. (2014) How small is beautiful? Food self-sufficiency and 539 
land gap analysis of smallholders in humid and semi-arid sub Saharan Africa. Plant Research International, 540 
part of Wageningen UR. Report number 562. 68 pp.  541 
Hijmans R.J., Cameron S.E., Parra J.L., Jones P.G. & Jarvis A. (2005) Very high resolution interpolated climate 542 
surfaces for global land areas. International Journal of Climatology 25:1965-1978. 543 
IPCC (2000) Land-use, land-use change and forestry. Special report of the intergovernmental panel on climate 544 
change. Cambridge University Press, UK, p. 375. 545 
Jaramillo J., Muchugu E., Vega F., Davis A., Borgemeister C. & Chabi-Olaye A. (2011) Some like it hot: the 546 
influence and implications of climate change on Coffee Berry Borer (Hypothenemus hampei) and coffee 547 
production in East Africa. PLoS ONE 6(9): e24528. Doi:10.1371/journal.pone.0024528. 548 
Jezeer R., Pita V., Maria S. & Boot R. (2017) Shaded coffee and cocoa – double dividend for biodiversity and 549 
small-scale farmers. Ecological Economics 140:136-145. 550 
Jha S., Bacon C., Philpott S., Méndez E., Läderach P. & Rice R. (2014) Shade coffee: update on a disappearing 551 
refuge for biodiversity. BioScience 64(5):416-428. 552 
Kindt R. & Coe R. (2005) Tree diversity analysis. A manual and software for common statistical methods for 553 
ecological and biodiversity studies. Nairobi: World Agroforestry Centre (ICRAF). ISBN 92-9059-179-X. 554 
Knapen A., Kitutu M., Poesen J., Breugelmans W., Deckers J. & Muwanga A. (2006) Landslides in a densely 555 
populated county at the footslopes of Mount Elgon (Uganda): Characteristics and causal factors. 556 
Geomorphology 73:149-165. 557 
Kobayashi Y. & Mori A. (2017) The potential role of tree diversity in reducing shallow landslide risk. 558 
Environmental management 59(5):807-815. 559 
26 
 
Lasco R., Delfino R., Catacutan D., Simelton E. & Wilson D. (2014) Climate risk adaptation by smallholder 560 
farmers: the roles of trees and agroforestry. Current Opinion in Environmental Sustainability 6:83-88. 561 
Lemmon, P. E. (1957) A new instrument for measuring forest overstory density. J. For. 55:667-668. 25. 562 
Lescourret F., Magda D., Richard G. et al. (2015) A social-ecological approach to managing multiple agro-563 
ecosystem services. Current Opinion in Environmental Sustainability 14:68-75. 564 
Liebig T., Jassogne L., Rahn E., Läderach P., Poehling H.M., Kucel P., van Asten P. & Avelino J. (2016) 565 
Towards a collaborative research: a case study linking science to farmers’ perceptions and knowledge on 566 
Arabica coffee pests and diseases and its management. PLoS ONE 11(8):e0159392. 567 
doi:10.1371/journal.pone.0159392. 568 
Lin B. (2010) The role of agroforestry in reducing water loss through soil evaporation and crop transpiration in 569 
coffee agroecosystems. Agricultural and Forest Meteorology 150:510-518. 570 
MAAIF (2010) Agriculture for food and income security. In: Agriculture Sector Development Strategy and 571 
Investment Plan: 2010/11-2014/15, 160 Kampala: Ministery of Ariculture, Animal Inustry & Fisheries. 572 
Magrach A. & Ghazoul J. (2015) Climate and pest-driven geographical shifts in global coffee production: 573 
implications for forest cover, biodiversity and carbon storage. PLoS ONE 10(7): e0133071. 574 
Doi:10.1371/journal.pone.0133071. 575 
Meylan L., Gary C., Allinne C., Ortiz J., Jackson L. & Rapidel B. (2017) Evaluating the effect of shade trees 576 
on provision of ecosystem services in intensively managed coffee plantations. Agriculture, Ecosystems and 577 
Environment 245:32-42. 578 
Montagnon C., Marraccini P., Bertrand B. (2012) Breeding for coffee quality. In: Oberthür T., Läderach P., 579 
Pohlan H., Cook J. (eds.) Specialty coffee: Managing quality. International Plant Nutrition Institute, 580 
Southeast Asia Program. 581 
Mugagga F., Kakembo V. & Buyinza M. (2012) A characterization of the physical properties of soil and the 582 




Oduol P. & Aluma J. (1990) The banana (Musa spp.) – Coffea robusta: traditional agroforestry system of 585 
Uganda. Agroforestry Systems 11:213-226. 586 
Ojiem J., Ridder N., Vanlauwe B. & Giller K. (2006) Socio-ecological niche: a conceptual framework for 587 
integration of legumes in smallholder farming systems. International Journal of Agricultural Sustainability 588 
4(1):79-93. 589 
Ovalle O., Läderach P., Bunn C., Obersteiner M. & Schroth G. (2015) Projected shifts in Coffea arabica 590 
suitability among major global producing regions due to climate change. PLoS ONE 10(4): e0124155. 591 
Doi:10.1371/journal. Pone.0124155. 592 
Pebesma E. & Bivand R. (2005) Classes and methods for spatial data in R. R News 5 (2), http://cran.r-593 
project.org/doc/Rnews/. 594 
Perfecto I., Rice R., Greenberg R. & Van Der Voort M. (1996) Shade coffee: a disappearing refuge for 595 
biodiversity. BioScience 46:598-608. 596 
Perfecto I. & Vandermeer J. (2010) The agroecological matrix as alternative to the land-sparing/agriculture 597 
intensification model. PNAS 107(13):5786-5791. 598 
Perfecto I. & Vandermeer (2015) Coffee agroecology: a new approach to understanding agricultural 599 
biodiversity, ecosystem services and sustainable development. Earthscan, Routledge, New York. 600 
R Core Team (2014) R: A language and environment for statistical computing. R Foundation for Statistical 601 
Computing, Vienna, Austria. URL: http://www.R-project.org/. 602 
Ruf F. (2011) The myth of complex cocoa agroforests: The case of Ghana. Human Ecology 39:373-388. 603 
Sassen M., Sheil D., Giller K. & ter Braak C. (2013) Complex contexts and dynamic drivers: Understanding 604 
four decades of forest loss and recovery in an East African protected area. Biological Conservation 159:257-605 
268. 606 
Sassen M. & Sheil D. (2013) Human impacts on forest structure and species richness on the edges of a protected 607 
mountain forest in Uganda. Forest Ecology and Management 307:206-218. 608 
28 
 
Sassen M., Sheil D. & Giller K. (2015) Fuelwood collection and ist impacts on a protected tropical mountain 609 
forest in Uganda. Forest Ecology and Management 354:56-67. 610 
Sayer J., Sunderland T., Ghazoul J. et al. (2013) Ten principles for a landscape approach to reconciling 611 
agriculture, conservation, and other competing land uses. Proceedings of the National Academy of Sciences 612 
of the United States of America 110(21):8349-8356. 613 
Schroth G. & Ruf F. (2014) Farmer strategies for tree crop diversification in the humid tropics. A review. 614 
Agronomy for Sustainable Development 34(1):139-154. 615 
Tausend P., Meinzer F. & Goldstein G. (2000) Control of transpiration in three coffee cultivars: the role of 616 
hydraulic and crown architecture. Trees 14:181-190. 617 
Tittonell P., Vanlauwe B., Leffelaar P., Shepherd K. & Giller K. (2005) Exploring diversity in soil fertility 618 
management of smallholder farms in western Kenya II. Within-farm variability in resource allocation, 619 
nutrient flows and soil fertility status. Agriculture, Ecosystems and Environment 110:166-184. 620 
Tittonell P., Vanlauwe B., Misiko M. & Giller K. (2011) Targeting resources within diverse, heterogeneous and 621 
dynamic farming systems: Towards a ‚Uniquely African Green Revolution‘. In: Bationo A. et al. (eds.) 622 
Innovations as key to the green revolution in Africa. Springer, Netherlands. Chapter 76, pp. 747-758. 623 
Tittonell P. & Giller K. (2013) When yield gaps are poverty traps: The paradigm of ecological intensification 624 
in African smallholder agriculture. Field Crops Research 143:76-90. 625 
Tscharntke T., Clough Y., Wanger T., Jackson L., Motzke I., Perfecto I., Vandermeer J. & Whitbread A. (2012) 626 
Global food security, biodiversity conservation and the future of agricultural intensification. Biological 627 
Conservation 151:53-59. 628 
USAID (2011) Feed the future: Multi-year strategy 2011-2015. 58: The U.S. Government’s Global Hunger and 629 
Food Security Initiative. 630 
Vaast P, Beer J, Harvey C, Harmand JM (2005) Environmental services of coffee agroforestry systems in 631 
Central America: a promising potential to improve the livelihoods of coffee farmers’ communities. In: 632 
29 
 
Integrated Management of Environmental Services in Human-Dominated Tropical Landscapes. CATIE, IV 633 
Henri A. Wallace Inter-American Scientific Conference Series, Turrialba, Costa Rica, pp 35–39 634 
Vaast P., van Kanten R., Siles P., Angrand J. & Aguilar A. (2008) Biophysical interactions between timber trees 635 
and Arabica coffee in suboptimal conditions of Central America. In Jose S. & Gordon A. (eds.) Toward 636 
Agroforestry Design, Chapter 9, pp. 133-146. 637 
Vaast P., Martínez M., Boulay A., Castillo B. & Harmand J.-M. (2015) Diversifying Central American coffee 638 
agroforestry systems via revenue of shade trees. In: Ruf F. & Schroth G. (eds.) Economics and Ecology of 639 
Diversification. Springer, Netherlands, pp. 271-281. 640 
Van Asten P.J.A., Wairegi L.W.I., Mukasa D. & Uringi N.O. (2011a) Agronomic and economic benefits of 641 
coffee-banana intercropping in Uganda’s smallholder farming systems. Agricultural Systems 104:326-334. 642 
Van Asten P., Fermont A. & Taulya G. (2011b) Drought is a major yield loss factor for rainfed East African 643 
highland banana. Agricultural Water Management 98:541-552. 644 
Van Breugel P., Kindt R., Lillesø J.P.B., Kalema J., Mulumba J., Namaganda M., Malinga M., Esegu J.F.O., 645 
Jamnadass R. & Graudal L. (2014) Potential natural vegetation of Eastern Africa. Volume 11. Atlas and tree 646 
species composition for Uganda. Department of Geosciences and Natural Resource Management, University 647 
of Copenhagen. 648 
Van der Wolf J., Jassogne L., Gram G. & Vaast P. (2016) Turning local knowledge on agroforestry into an 649 
online decision-support tool for tree selection in smallholders’ farms. Experimental Agriculture, 1-17. 650 
Doi:10.1017/S001447971600017X 651 
Van Rikxoort H., Jassogne L., Läderach P. & van Asten P. (2013) Integrating climate change adaptation and 652 
mitigation in east African coffee ecosystems. In: B. Vanlauwe, P. van Asten, G. Blomme (eds.) Agro-653 
Ecological Intensification of Agricultural Systems in the African Highlands. Routledge, pp. 175-184. 654 




Vignola R., Harvey C., Bautista-Solis P., Avelino J., Rapidel B., Donatti C. & Martinez R. (2015) Ecosystem-657 
based adaptation for smallholder farmers: Definitions, opportunities and constraints. Agriculture, 658 
Ecosystems and Environment 211:126-132. 659 
Wang N., Jassogne L., van Asten P., Mukasa D., Wanyama I., Kagezi G. & Giller K. (2015) Evaluating coffee 660 
yield gaps and important biotic, abiotic, and management factors limiting coffee production in Uganda. 661 
European Journal of Agronomy 63:1-11. 662 
Willson K. (1985) Cultural methods. In: Clifford M. & Willson K. (eds.) Coffee botany, biochemistry and 663 
production of beans and beverage. Chapter 7, p.157-207. The AVI Publishing Company, USA. 664 
Zeileis A., Kleiber C. & Jackman S. (2008) Regression models for count data in R. Journal of Statistical 665 
Software 27(8). URL: http://www.jstatsoft.org/v27/i08. 666 
Zuur A., Ieno E., Walker N., Saveliev A. & Smith G. (2009) Mixed effects models and extensions in ecology 667 
with R. Springer, New York, USA. 668 
